Abstract. The purpose of this study is to investigate the proper Stress Concentration Factor (SCF) of a 60° two-planar DKT tubular joint of a tripod wellhead offshore structure. So far, calculation of SCF for a multiplane tubular joint was based on the formulation for the simple/uniplanar tubular joints that yield in over/under prediction of the SCF of the joint. This situation in turn decreasing the accuracy of fatigue life prediction of the structures. The SCF is one of the most important parameters in the tubular joint fatigue analysis. The tubular joint is modelled as finite element models with bending loads acting on the braces that cover a wide range of dimensionless geometrical parameters (β, τ, ). The effect of such parameters on the SCF distribution along the weld toe of braces and chord on the joint are investigated. Validation of the finite element model has shown good agreement to the global structural analysis results. The results of parametric studies show that the peak SCF mostly occurs at around crown 2 point of the outer central brace. The increase of the β leads to decrease the SCF. While the increase of the τ and γ leads to increase the SCF. The effect of parameter β and γ on the SCF are greater than the effect of parameter τ.
Introduction
Jacket platform is an offshore structure often used for oil and gas exploitation of offshore hydrocarbon reservoirs in shallow water areas, which have main structure consists of tubular members welded between braces and chords [1] . Stresses occurred at brace-tochord intersection line of the tubular joint are very complex and unevenly distributed. The ratio between the maximum stress at the intersection line and the nominal stress in the brace is called Stress Concentration Factor (SCF). The SCF is one of the important components in the calculation of fatigue damage [2] .
The majority of tubular joints commonly found in offshore structures are in the form of multi-planar tubular joints. The multi-planar effect plays an important role in the stress distribution at the brace-to-chord intersection areas of the tubular joints. For such multiplanar joints, the SCF formulae of simple uni-planar tubular joints are not applicable in SCF prediction. The fact show that very few investigations have been reported due to the complexity and high cost involved, especially with bending loading conditions.
The significance of this study is to obtain proper SCF for a specific multi-planar double KT tubular joint. From design point of view this specific SCF would increase accuracy in fatigue life prediction for the joint itself. This research will study the effect of dimensionless geometrical parameters (β, τ, and γ) on the SCF distribution along the weld toe in the brace-to-chord intersection region of a multi-planar double KT tubular joint with several variations of the geometrical parameters subjected to in-plane loading at the braces. Finite element models of the tubular joint are used for local stress analysis to obtain stress distribution in the intersection region which is the accuracy obtained is strongly influenced by the numerical model to be analyzed [3] .
Literatures Review
The understanding of the behaviour of completely multiplanar joints is very limited. During the past thirty years, a significant number of scientific papers and reports have been published on the study of SCFs in various uni-planar tubular joints. As a result, many parametric study in terms of the joint geometrical parameters have been proposed, providing SCF values of several uni-planar joint types for several loading conditions. Two following paragraphs briefly present the research papers on the determination of SCF distribution along the brace-to-chord intersection of uni-planar joints and on the calculation of SCFs in the multi-planar tubular joints, respectively.
Yeoh, et al. presented about behavior of tubular T-joints subjected to combined loadings [4] . Soh and Soh [5] researched about hot spot stress of K tubular joints subjected to combined loadings. Pang and Lee [6] presented three-dimensional finite element analysis of a tubular T-joint under combined axial and bending loading. Chang and Dover [7] predicted of stress distributions along intersection of tubular Y-joints and T-joints. Shao, et al. [8] predicted of hot spot stress distribution for tubular K-joint under basic loadings.
Research on the distribution of SCF on multiplanar tubular joints was done by Chiew, et al. [9] , for the multiplanar tubular XX-joints. Karamos, et al. [10] derived the SCF formula and investegated stress distribution along intersection line on the multiplanar DTjoint due to the bending load. Research was also undertaken by Wingerde, et al. [11] formulating the SCF formula for uniplanar tubular joints K and multiplanar KK. Woghiren and Brennan [12] developed a set of parametric formulae to predict the values of SCF in multi-planar rack-stiffened tubular KK-joints. Naibaho, et al. [13] presented about SCF parametric study of multiplanar tubular KDT-joint. Puspaningtyas, et al. [14] researched about stress intensity factor parametric study of multiplanar tubular joint with fracture mechanics. Fuadi, et al. [15] derived the SCF formula for multiplanar tubular DKT-joint.
Finite Element Modelling
The structure to be analyzed in this case is a Multi-Planar Double KT tubular joint on the bracing of structure jacket platform (see Figure 1 ). Data used in this local analysis are structural geometry data, material properties and loading of the global analysis of structure jacket platform. The loading data is obtained from the global modeling of the structure (see Table 1 and Table 2 ). Chord and braces have the same material properties with the steel density and Young modulus of 563.5 lb/ft 3 and 30,000 ksi, respectively. Yield strength and Poisson's ratio of the steel are 50 ksi and 0.3, respectively.
In this multiplanar double KT tubular joint will be varied with several parameters, namely the parameters of beta (β), tau (τ), gamma (γ), and the angle between chord and brace (θ). The definition of each the tubular joint geometric parameters are: β (= d/D) is ratio between diameter of brace and chord; τ (= t/T) is ratio between wall thickness of brace and chord;  (= D/2T) ratio between diameter and wall thickness of chord; and  stands for angle between chord and brace. As mentioned earlier, the aim of the present research is to study the effect of dimensionless geometrical parameters on the SCF distribution along the weld toe (on the chord side) of the main (inclined) brace. Different values assigned to each non-dimensional parameter are as follows: β = 0.35, 0.4, and 0.45; = 10, 12, and 15; τ = 0.35, 0.45, and 0.55. These values are selected to cover the practical range of the normalized parameters typically found in multi-planar tubular joints of offshore structures, namely: 0.3  β  0.5; 0.3  τ  0.6; and 10    14. Multi-planar double KT tubular joint to be analyzed is modeled by using a finite element method-based software with a geometry as depicted at Figure 2 . Modeling is done by using the geometry, section and material properties and loading data as presented in Table 1 and Table 2 . Weld modeling is necessary because the intersection between the two tubular (brace and chord) will form intersection line, where the stress concentration occurs in the area along the intersection line. The welding size along the brace-chord intersection satisfies the AWS specifications [16] . Meshing strategy for the tubular joint model is performed with meshing size is made smaller (smooth) on regions around the connection between the brace and chord. While in regions far from the connection area as observation areas, meshing size is made larger (coarser). The element used for the model is a solid three-dimensional element with a linear element type of tetrahedron (see Figure 4) . The chord end fixity conditions of tubular joints in offshore structures may range from "almost fixed" to "almost pinned" with generally being closer to "almost fixed". For analysis in this study, it is assumed that all of the constraints are fixed on both ends of the chord. The tubular joint model with the parameter α > 12, the magnitude of the stress at the joint area is not affected by the boundary conditions on the chord. Therefore In this study the value of parameters α = 21.5 was assigned for all the models. The loading applied to the model are in-plane bending loading with the values obtained from the global modeling as presented in Table 2 . In this study three different loading conditions (LC) are assigned to the models as can be seen in Figure 5 . 
Model Validation
The meshing sensitivity analysis is performed to measure the consistency and accuracy of the results from the finite element model as a function of the number of elements used. Size of meshing is changed iteratively, until the stress generated at a particular location becomes constant. From the results of meshing sensitivity test (see Figure 6 ), it is found that the number of meshing elements whose stress output is near constant at a particular point is meshing with the number of elements as many as 1,000,000 elements. Another way to validate the results of the local analysis for the model is to compare it with the global model in term of the nominal stress in the brace using Von Mises stress, as presented at Table 4 . From Table 4 it is shown that the difference for both analysis is very small (less than 1%), indicating that the model for local analysis was accurate in terms of proper structural modeling, loading, boundary conditions applied and also the results of the analysis. 
Hot-spot Stress and SCF Calculation
The widely accepted conventional approach for fatigue strength assessment of tubular joints is to use the geometric stresses at the weld toe. According to DNVGL-RP-C203 [17] hotspot stress determined using linear extrapolation. The linear extrapolation method is done by making two points forming an area which will be extrapolated in linear stress. In this study, to determine the distance of two linear extrapolation points used refers to DNVGL-RP-C203 (see Figure 7) . The maximum principal stress is used as linear extrapolation to determine the hot-spot stress [18] . After the known nominal stress and hot-spot stress, the formula stress concentration factor is:
(1) 
Results and Discussion
The result of the parametric study with finite element approach is performed to determine the effect of the non-dimensional parameter variation on the stress distribution along the intersection line between the brace and the chord, which in present study is done along the weld toe on the chord side. Stress distribution along the weld toe on the chord side to be investigated only on the joint between the brace and the chord that experienced the greatest stress.
In this study, a brace of the DKT that experienced the greatest stress due to the in-plane bending loading is one of the central braces (the CC2 brace) as can be seen in Figures 8 and  9 . It is very important to obtain stress distribution (then presented as SCF distribution) along the brace-chord intersection line of the observed brace. It was used 8 points to describe SCF distribution along the intersection line (see Figure 10) 
Effect of β on the SCF Distribution
The parameter β is a ratio of the brace to chord diameter. In this study, there are three models with different of β for each model, i.e. β = 0.35, β = 0.4 and β = 0.45, respectively. Increase of the β in the models having constant value of chord diameter leads to increase the brace diameter. All parameters except the β parameter, i.e., the parameters τ, γ and θ are made equal for the three models (τ = 0.5, γ = 13.5, and θ = 46°). Figure 11 shows results of SCF distribution due to three different load conditions. For all applied in-plane bending (IPB) load conditions, the peak SCF majority occurs in the area around the point of crown 2. For the case of IPB-LC 1 the peak SCF occurs almost precisely in crown 2 point for all β values. But two SCF peaks appeared at positions of around 135° and 225° for β = 0.35 at the case of IPB-LC 2. Very different pattern of SCF distribution along the brace-chord intersection line occurred for the case of IPB-LC 3 rather than the two previous loading conditions. For the latter case, two peaks of SCF appeared which is the first peak occurred at 135° and the second at 225° for all three β values. For smaller β, the difference between two peaks of the SCF becomes much larger. Generally, results of the investigation indicate that increase of the β leads to decrease SCF around the Crown 2 area along the weld toe (on the chord side) at the brace-chord intersection line. The largest SCF of about 4 occurred at position of 225° for the β = 0.35 at the case of IPB-LC 3.
Effect of  on the SCF Distribution
The parameter is the ratio of diameter or radius to wall thickness of the chord. In this study, there are three models with different of for each model, i.e. = 10, = 12 and = 15. Increase of in the models having constant value of chord diameter leads to decrease the chord wall thickness. All parameters except the parameter, i.e., the parameters β, τ and θ are made equal for the three models (β = 0.44, τ = 0.5, and θ = 46°). Figure 12 which is opposite to the β effect previously described, that increase of the leads to also increase SCF distribution along the brace-chord intersection line. Although the all load conditions caused the peak SCF majority occurs in the area around the point of crown 2, but each load condition yielded different SCF peaks at the range of 135° to 225°.
Result of investigation can be seen in
The peak SCF occurs almost precisely in crown 2 point (180°) for all values for the case of IPB-LC 2. For the case of IPB-LC 1 and LC 3, two SCF peaks appeared at positions of around 135° and 225° for all . For the previous case of loading, the first SCF peak (at 135°) is slightly larger than the second one (at 225°) for all three values. Meanwhile, for the latter case, the second SCF peak (at 225°) drastically became larger as  increase. Generally, the smallest SCF of about less than 1.6 occurred at the range of 135° to 225° for all  values at the case of IPB-LC 1. 
Effect of  on the SCF Distribution
The parameter τ is the ratio of brace to chord wall thickness. In this study, three models are used with different of τ for each model, i.e. τ = 0.35, τ = 0.45 and τ = 0.55. Increase of τ in the models having constant value of chord wall thickness leads to increase of brace wall thickness. All parameters except the τ parameter, i.e., the parameters β, and θ are made equal to the three models (β = 0.44, = 13.5, and θ = 46°).
As can be seen in Figure 13 , effect of τ on the SCF distribution along the brace-chord intersection line almost similar to the effect previously described in terms of magnitude and pattern of the SCF distribution. Increase of the τ leads to also increase SCF, especially at the position range of 135° to 225° for all cases of IPB loading conditions.
Meanwhile, variation of the τ caused almost only slight changes to the SCF even though in the area around the point of crown 2 (at the range of 135° to 225°) for each load condition. The τ variation was not sensitive to the change of the SCF distribution along the brace-chord intersection line rather than the previous two parameters of β and . 
Conclusions
Conclusions can be drawn from the present study are as follow:
• The results of parametric studies show that the peak SCFs mostly occurs at around Crown 2 point of the outer central brace at positions of around 135° and 225° for all three IPB loading conditions.
• The increase of the β leads to decrease the SCF. While the increase of the τ and γ leads to increase the SCF.
• The effect of parameter β and γ on the SCF distribution along the brace-chord intersection line are greater than the parameter τ even though in the area around the Crown 2 (at the range of 135° to 225°) for all three load conditions.
